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The murine coronavirus, mouse hepatitis virus (MHV) strain A59, causes acute encephalitis and chronic 
demyelinating disease as well as hepatitis in mice. The JHM strain (also called MHV-4 or JHM.SD) causes 
fatal encephalitis and only minimal hepatitis. Previous analysis of chimeric recombinant MHVs in which the 
spike gene, encoding the protein that mediates viral entry and cell-to-cell fusion, was exchanged between JHM 
and A59 showed that the spike plays a major role in determining organ tropism and neurovirulence but that 
other genes also play important roles in pathogenic outcome. Here, we have investigated the role of the 
nucleocapsid protein in MHV-induced disease. The multifunctional nucleocapsid protein is complexed with the 
genomic RNA, interacts with the viral membrane protein during virion assembly, and plays an import role in 
enhancing the efficiency of transcription. A pair of chimeric recombinant viruses in which the nucleocapsid 
gene was exchanged between JHM and A59 was selected and compared to wild-type parental strains in terms 
of virulence. Importantly, expression of the JHM nucleocapsid in the context of the A59 genome conferred 
increased mortality and spread of viral antigen in the mouse central nervous system compared to the parental 
A59 strain, while having little effect on the induction of hepatitis. While the JHM nucleocapsid did not appear 
to enhance neuron-to-neuron spread in primary neuronal cultures, the increased neurovirulence it conferred 


may be due in part to the induction of a less robust T-cell response than that induced by strain A59. 


Coronaviridae are a family of large, single-stranded and pos- 
itive-sense RNA viruses within the nidovirus superfamily. The 
murine coronavirus mouse hepatitis virus (MHV) is a collec- 
tion of strains with a wide range of tropisms, inducing neuro- 
logical, hepatic, enteric, and respiratory diseases, with out- 
comes dependent upon the viral strain and the route of 
infection. Infection via intracranial (i.c.) or intranasal (i.n.) 
routes serves as a model for studying both acute and chronic 
virus-induced neurological diseases; these include models of 
encephalitis and the demyelinating disease multiple sclerosis. 
Two naturally occurring neurotropic strains, A59 and JHM, 
have been shown to induce very different pathologies following 
ic. infection. The A59 strain is a weakly neurovirulent, tissue 
culture-adapted strain that induces mild encephalitis and mod- 
erate hepatitis (20, 40). A59 infection is cleared from the 
central nervous system (CNS) and liver following a robust CD8 
T-cell response (24, 49) (22); however, viral RNA persists in 
the spinal cord, and chronic demyelination develops in animals 
surviving acute infection (12, 19, 26) In contrast, the JHM 
strain, which has been previously referred to as MHV-4 or 
JHM.SD (5, 36), is highly neurovirulent in weanling C57BL/6 
(BO) mice, inducing fatal encephalitis in nearly all infected 
mice following inoculation with doses as low as 1 PFU. This 
enhanced virulence is attributed in part to its rapid spread in 
the CNS, which occurs by MHV receptor CEACAM1a-depen- 
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dent and -independent mechanisms (28), and likely also to the 
lack of a robust CD8 T-cell response in the CNS (21). 

We have previously selected chimeric A59/JHM recombi- 
nant viruses, which have been used to define the roles of both 
spike (S) and background genes in CNS pathogenesis. The S 
gene, encoding the protein responsible for attachment to the 
host cell and subsequent fusion and entry, as well as for cell to 
cell spread, is clearly a major determinant of MHV neuroviru- 
lence. Replacement of the S gene of A59 with that of JHM 
(Syjum) confers upon the recombinant A59 (rA59) virus a 
highly neurovirulent phenotype. This chimeric virus, rA59/ 
Sym is characterized by a 3-log,, decrease in the intracranial 
50% lethal dose (LD. ), increased rate of viral antigen spread, 
and increased inflammation compared with wild-type rA59 
(15, 23, 40). However, this chimeric virus is less neurovirulent 
than the wild-type recombinant JHM (rJHM) virus, likely due 
at least in part to the induction of a robust CD8 T-cell response 
(21, 15). Furthermore, unlike rJHM, rA59/Sy.4), induces hep- 
atitis when inoculated at a high dose (31). Further analysis of 
additional A59/JHM chimeric viruses, including the reverse 
chimeric virus rJHM/S,59 (where the S gene of JHM has been 
replaced by that of A59) (31) and viruses with exchanges of 5’ 
replicase gene portions of the genome (32), demonstrated that, 
in addition to S, one or more genes within the 3’ end of the 
JHM genome are necessary for the extremely high neuroviru- 
lence of JHM. 

The nucleocapsid protein (N), encoded in the most-3’ gene 
of the MHV genome, plays several roles in infection. N is a 
basic RNA binding protein (1, 47) that plays structural roles by 
both complexing with genome RNA to form the viral capsid 
(48) and interacting with the viral membrane protein (M) 
during virion assembly (14). In addition, N has several other 
functions during replication. Nucleocapsid protein (i) associ- 
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ates with genomic and subgenomic mRNA (2); (ii) significantly 
enhances recovery of infectious virus from transfected ge- 
nome-length synthetic RNA (2, 52); (iii) has been reported to 
associate with microtubules (39), suggesting a possible role for 
N in trafficking and axonal transport in neurons; and (iv) has 
been shown to antagonize type I interferon (IFN) by blocking 
RNase L activity (51). Furthermore, N proteins from A59 and 
a highly hepatotropic strain, MHV-3, but not JHM were shown 
to be responsible for the induction of fibrinogen-like protein 2 
(fgl2), a multifunctional protein that has both procoagulant 
and immunosuppressive activities and leads to enhanced liver 
damage during MHV infection (6, 27, 35). Finally, N is unique 
among MHV structural proteins in that it is partially localized 
to the nucleus of infected cells (50). 

N protein has three conserved regions (I, II, and III) sepa- 
rated by two hypervariable regions (A and B) (38). Crystal 
structures of the related infectious bronchitis virus (IBV) and 
severe acute respiratory syndrome coronavirus (SARS-CoV) N 
show that N has two structured domains designated the N- 
terminal domain (NTD), beginning within conserved region I 
and ending within conserved region II, and the C-terminal 
domain (CTD), residing within conserved region I and ending 
before the hypervariable region B (7, 13, 17, 46, 53). Conserved 
region IJ is involved in RNA binding (25, 34) while conserved 
region ITI is involved in M binding (14). The N protein is highly 
conserved among MHV strains. Sequence analysis reveals 94% 
identity at the amino acid level between the N proteins of A59 
and JHM and 28 amino acid differences, 11 of which are 
outside of the hypervariable regions. We have selected chi- 
meric recombinant viruses in which the N gene alone or in 
combination with the S gene has been exchanged between A59 
and JHM. These chimeric viruses have been used to investigate 
the role of N in virulence. 


MATERIALS AND METHODS 


Cells and viruses. Murine fibroblast (L2 and 17Cl-1) cells and feline Felis catus 
whole fetus (FCWF) cells were maintained in Dulbecco’s minimal essential 
medium supplemented with 10% fetal bovine serum (FBS), 1% amphotericin B 
(Fungizone), 10 mM HEPES, and 2 mM L-glutamine. Primary neuronal cultures 
were generated from hippocampal tissue harvested from day 15 to 16 embryonic 
mice. Neurons were grown on poly-L-lysine-treated glass coverslips and cultured 
at 37°C with 5% CO, in neurobasal medium (Gibco) containing B27 supplement 
(Gibco). Neurons were allowed to differentiate for 4 days prior to infection (41). 

Previously described viruses include the following: (i) wild types rA59 (40) and 
rJHM (31) and (ii) S exchange viruses rA59/Syym (40) and rJHM/Saso (31). 
Chimeric viruses with exchanges of N genes (tA59/Nypyyq and rJHM/Naso) or N 
and S genes (tA59/Syeayq/Nyem and rJHM/S,50/Naso) were selected by targeted 
recombination as described below. Recombinant viruses were propagated on 
mouse 17CI-1 cells; plaque assays and plaque purification of recombinants were 
carried out on L2 cells (11). Wild-type rA59 and rJHM were indistinguishable in 
phenotype from their parental wild type (5, 23, 31, 40). 

Please note that we have changed our previously used nomenclature in an 
effort to make it simpler and more logical. Recombinant viruses are labeled “r” 
for recombinant, followed by the strain from which the background genes are 
derived, followed by the strain of the genes that have been replaced. For exam- 
ple, rA59/Syum is a recombinant A59 expressing the JHM S; this virus was 
previously called SJHM/RAS9. rJHM/Saso9 was previously called SA5S9/RJHM. 

Plasmids. For the selection of chimeric viruses of the A59 background, the 
plasmid pMHS54 was utilized. pMHS54 contains the 3’ third of the A59 genome, 
from codon 48 of the hemagglutinin esterase (HE) gene through the 3’ end of 
the genome (18). pSG6, a modification of pMHS54, contains two silent point 
mutations at nucleotides 8838 and 8841, which generate a unique BspEI site after 
codon 444 of the N gene (10). This plasmid was kindly provided by Paul Masters. 

The N gene of pSG6 was exchanged for that of JHM to create pSG6/Nyy4m, the 
plasmid from which rA59/Nyy4 Was generated. Specifically, a fragment contain- 
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ing nucleotides 7529 to 9003 was amplified from pJHM (37) using PCR, Pfu 
polymerase, and primers that created 5’ BssHII and 3’ BspEI sites. The resulting 
fragment (beginning at codon 187 of the M gene and ending codon 445 of the N 
gene) spanning a conserved region of M and containing all the coding differences 
between the A59 and JHM N genes was cloned into pSG6, using unique 5’ 
BssHII and 3’ BspEI sites, to create pSG6/Nyyzy4. For selection of rA59/SJHM/ 
Nypm, the A59 S gene was replaced by the JHM S gene using AvrII and Sbfl sites 
as described previously (40). 

The plasmid pJHM, analogous to pMHS54, contains the 3’ portion of the JHM 
genome (37) and was used to generate JHM background viruses. For selection of 
1tJHM/Nas9, pJHM was modified to create pJHM/Naso, by exchanging the N 
gene for that of A59 derived from pSG6. Thus, a silent mutation was introduced 
at nucleotide 7531 of pJHM to create a BssHII site at codon 187 of the M gene 
(corresponding to a site found in pMH54). PCR was then used to generate a 
fragment from nucleotide 7367 to 8898 of pSG6, which begins at codon 187 of 
the M gene and ends in the 3’ untranslated region 30 nucleotides after the end 
of the N gene. Primers used to amplify this region contained a 5’ BssHII site and 
created a 3’ Dralll site, corresponding to a site present in pJHM. The BssHII 
and DrallI sites were used to clone the fragment into pJHM, creating pJHM/ 
Naso. PJHM/Naso was further modified to create pJHM/S,59/Naso by exchang- 
ing the S genes using the AvrII and Sbfl sites, as described above (40). 

Selection of recombinant viruses. Targeted recombination was carried out as 
described previously (18, 40). Briefly, FCWF cells were infected with {MHV- 
AS59, a virus expressing the feline infectious peritonitis virus (FIPV) S within the 
AS9 background, or with fMHV-JHM, a virus expressing FIPV S in the JHM 
background. RNAs transcribed in vitro from the chimeric plasmids described 
above were electroporated into infected FCWF cells, and infected transfected 
FCWF cells were overlaid onto confluent murine 17CI-1 cells. Viruses were 
selected for their ability to infect murine cells and were plaque purified twice on 
L2 cells. At least two viruses of each genotype, isolated from independent 
recombination events, were plaque purified, and the S and N genes were se- 
quenced. There were no differences observed between the in vitro and in vivo 
phenotypes of the two viruses of each genotype. Thus, we will show the data for 
one of each genotype virus. 

Virus growth curves. Confluent monolayers of L2 cells were infected at a 

multiplicity of infection (MOI) of 1. At the times indicated in the figures, the cells 
and supernatants were lysed by three freeze-thaw cycles, and debris was removed 
by centrifugation. Titers of lysates were then determined by plaque assay of L2 
cells as previously described (11). 
Neuronal cultures, infections, and quantification. Primary hippocampal neu- 
ronal cultures, as described above, were infected with the viruses indicated in the 
figure legends at a MOI of 1 or left uninfected. At days 1 to 4 postinfection, 
cultures were fixed in a solution of 2% paraformaldehyde in phosphate-buffered 
saline (PBS) containing 0.12 M sucrose and stored in PBS at 4°C until staining. 
Fixed neurons were stained with antinuclecocapsid (anti-N) monoclonal anti- 
body (MAb) 1.16.1 (kindly provided by J. Leibowitz, Texas A&M University) 
using a Vector ABC immunoperoxidase kit (Vector, Burlingame, CA). Cells 
were counterstained with either hematoxylin or methyl green. Quantification of 
the area of individual foci was carried out using the color cube-based segmen- 
tation function of Image Pro, version 5.0, software. 

In vivo infections. (i) Mice and inoculations. Pathogen-free 4- to 5-week-old 
male C57BL/6 mice were obtained from NCI (Fredrick, MD). All experiments 
were performed in containment within a biosafety level 2 animal facility and 
conducted in accordance with the guidelines of the Institutional Animal Care 
and Use Committee (IACUC) at the University of Pennsylvania. 

(ii) Virulence assays. Virus was serially diluted 10-fold with PBS containing 
0.75% bovine serum albumin. Mice (5 to 10 per viral dose) were anesthetized 
with isoflurane and inoculated in the left cerebral hemisphere with virus. Mice 
were monitored daily for 21 days and euthanized when they became moribund 
and counted along with mice found dead the following day. Statistical compar- 
ison of survival curves was performed using a Gehan-Breslow- Wilcoxon test, and 
LDspo values were calculated (42). 

Virus replication in vivo. (i) Brain. Mice were infected i.c. with 50 PFU of virus 
and on day 5 postinfection were sacrificed and perfused with 10 ml of PBS. The 
brains were removed and cut in half along the midline. The right halves were 
fixed in formalin to be used for histology as described below and the left halves 
were placed in 2 ml of isotonic saline containing 0.167% gelatin, weighed, and 
stored at —80°C for virus titration. Brains were homogenized, and virus titers 
were determined by plaque assay as described previously (11). Statistical com- 
parisons were made using a two-tailed ¢ test. 

(ii) Liver. Mice were infected intrahepatically (i-h.) with 500 or 1.6 x 10* to 1.8 x 
10* PFU of virus as described previously (30). Five days postinfection mice were 
sacrificed and perfused with PBS. Livers were harvested and homogenized, and titers 
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FIG. 1. Schematic representation of the virions and corresponding genomes of recombinant viruses. Shown on the left are A59 background 
viruses and, on the right, the JHM background viruses. AS9 components are in white, and JHM components are in black. The positions of the spike 
(S) and nucleocapsid (N) genes are noted. The 5’ replicase gene is not shown to scale, as indicated by hash marks. 


of lysates were determined for infectious virus as described above. Statistical com- 
parisons were made using a two-part two-tailed ¢ test. 

Histology, immunohistochemistry, and quantification of viral antigen. For- 
malin-fixed brains, harvested from mice sacrificed at 5 days postinfection, were 
paraffin embedded and sectioned sagitally. Viral antigen was detected using 
anti-N MAb 1.16.1 and the Vector ABC immunoperoxidase kit, as previously 
described (30). Sections were counterstained with hematoxylin. Pictures taken of 
each stained brain section were analyzed using the color cube-based segmenta- 
tion function of Image Pro, version 5.0, software to calculate total stained area 
and total area of each section. The ratio of stained area to total section area was 
used as a means of quantifying the amount of viral antigen staining in each 
section. Five or more mice were used per group, with two adjacent sections per 
mouse. A two-tailed ¢ test was used to determine significance. 

Histology, immunohistochemistry, and quantification of antigen for the liver 
sections were carried out using the same methodology as above, utilizing a 
section of the median liver lobe cut about 0.5 cm from the tip. Hepatitis was 
scored by examining liver sections stained with hematoxylin and eosin. Sections 
were evaluated for degree of inflammation and necrosis and scored on a four 
point scale (4, severe; 3, moderate; 2, mild; 1, minimal; 0, none) as previously 
described (3, 31). 

Isolation of brain mononuclear cells. Mice were infected either i.c. with 10 
PFU of virus or i.n. with 500 PFU of virus. Seven days postinfection, the peak of 
T-cell response in the brain, mice were perfused, and brains were harvested (22). 
Brains were placed in RPMI medium containing 10% FBS and homogenized 
through a nylon mesh bag (pore diameter, 64 4m) with moderate pressure from 
a syringe plunger. Cells were then passed through a 30% Percoll gradient and 
through a cell strainer (pore diameter, 70 4m) and then washed and counted. 

T-cell quantification. Up to 1 x 10° brain-derived mononuclear cells were 
analyzed per brain. Cells were stained for surface expression of CD3, CD8, and 
CD4 using fluorescently conjugated monoclonal antibodies (BD Pharmingen) 
(peridinin chlorophyll protein [PerCP]-conjugated CD3e, clone 145-2C11; fluo- 
rescein isothiocyanate [FITC]-conjugated CD8qa, clone 53-6.7; phycoerythrin 
[PE]-conjugated CD4, clone GK1.5) and stained for T-cell receptors specific for 
the major CD8 epitope, $510, using allophycocyanin (APC)-conjugated major 
histocompatibility complex (MHC) tetramers (kindly provided by Stanley Per- 
Iman, University of Iowa). Cells were fixed in 2% paraformaldehyde and ana- 
lyzed using a FACSCalibur flow cytometer (Becton Dickinson). Total cell num- 
bers per mouse were determined by multiplying the fraction of live cells positive 
for a given marker by the total number of live cells isolated. CD8 T cells were 
defined as those cells of lymphocyte size based on forward and side scatter that 
expressed CD3 and CD8 but lacked CD4 expression. $510-specific T cells were 
those within the CD8 T-cell population that were stained by the S510 tetramer. 
CD4 T cells were defined as those cells of lymphocyte size that expressed CD3 
and CD4 but lacked CD8 expression. 

For quantification by intracellular IFN-y staining assay, similar methodology 
was used as above except that peptide incubation and intracellular IFN-y staining 
steps were added in place of the MHC tetramer staining (29, 41), and CD3 
staining was omitted. Thus, cells were cultured with 10 U of human recombinant 
interleukin-2 and 1 yl/ml brefeldin A (Golgiplug; BD Biosciences) in the pres- 
ence of 1 wg/ml of peptide corresponding to the subdominant CD8 T-cell 
epitope, $598, in RPMI 1640 medium supplemented with 5% FBS for 5 h at 


37°C. Cells were then stained for the surface expression of CD4 and CD8. These 
cells were then fixed and permeabilized using a Cytofix/Cytoperm kit (BD Bio- 
sciences) and stained for IFN-y with an FITC-conjugated monoclonal antibody 
(BD Pharmingen). 


RESULTS 


Selection and in vitro characterization of A59/JHM chimeric 
recombinant viruses with exchanges of nucleocapsid genes. 
Previous analyses of chimeric A59/JHM recombinant viruses 
have shown that the differences in pathogenesis between the 
highly neurovirulent JHM and the weakly neurovirulent but 
hepatotropic A59 strains are in part attributed to the S gene. 
However, it is clear that the extremely high neurovirulence of 
JHM, the inability of JHM to induce a robust CD8 T-cell 
response, and the inability of JHM to induce hepatitis are 
influenced by other genes encoded within the 3’ third of the 
genome, which includes the structural genes envelope (E), 
membrane (M), nucleocapsid (N), and internal (I) and the 
putative nonstructural genes ORF4 and ORF5Sa (15, 31, 33). 
Because of the multiple functions of N both as a structural 
protein and in replication, we have investigated its contribu- 
tions to pathogenesis. Targeted recombination was used to 
select isogenic viruses differing only in the N gene. More spe- 
cifically, we selected A59 background viruses in which the A59 
N gene was replaced with that of JHM (rA59/Nyp4\,). We also 
selected the reverse JHM background viruses, replacing the N 
gene of JHM with that of A59 (rJHM/N,;,) (Fig. 1). To 
investigate to what extent phenotypic differences between 
JHM and A59 can be explained by S and N together, a second 
set of chimeric viruses was selected in which both the S and N 
genes were exchanged (Fig. 1). Also shown in Fig. 1 are rep- 
resentations of the genomes of previously described recombi- 
nants in which S genes have been exchanged (31). 

To verify that the chimeric viruses replicate efficiently in 
tissue culture and to determine if the genotype of N has an 
effect on replication patterns, rA59/Nyy),, and rIHM/N,s5 
were compared to parental wild-type rA59 and rJHM in one- 
step growth curves (Fig. 2A). As previously reported, rJHM 
replicates with significantly slower kinetics and to a lower titer 
than rA59 in tissue culture (40). The N exchange viruses rep- 
licated with similar kinetics as their respective parental viruses 
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FIG. 2. Replication of recombinant viruses. L2 cells were infected 
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FIG. 3. Survival curves of infected 4-week-old C57BL/6 mice. Mice were infected with recombinant viruses at the doses indicated and observed 
over 21 days for mortality. (A) Infection with rA59 (500 PFU and 5 x 10° PFU) and rA59/Ny4y (10 PFU, 100 PFU, and 1 x 10° PFU). rA59/Nyum 
at a dose of 100 PFU is significantly more virulent than rA59 at a dose of 500 (n = 5 each; P = 0.0155). (B) Infection with rJHM and rJHM/N,55 
at 10 PFU. rJHM/Nas» is significantly less virulent than rJHM (n = 10 and 5, respectively; P = 0.0272). (C) Infection with rJHM, rA59/Nyum, 
tTA59/Syryp and rA59/Sypyq/Nypm (10 PFU). rA59/Sypnq/Nyum iS more virulent than rA59/Nypyy4q (7 = 10 each; P = 0.0030) and rA59/Sypyy (14 = 
10 and 9, respectively; P = 0.0016), and rJHM is more virulent than rA59/Syp/Nyum (1 = 10 each; P = 0.0319). (D) Infection with 
1JHM/Sa59/Naso (3 X 10° PFU) and rJHM/S,55 (3 X 10° PFU, 3 x 10* PFU, and 3 X 10° PFU). rJHM/S,59 is more virulent than rJHM/S.450/Nas50 
(n = 5 each; P = 0.0041). The data are from one representative experiment of two or more. 
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TABLE 1. LD., values 


Virus LD59 (PFU) 
PARDO tessteas sates trestestssiateassertansteaistoniste pataatestesoeeesesteones 7.7 X 10° 
tA59/Nypant ees <10 
TA59/S yyy yg eeeesseeeessees <10 
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TEI seis eciastssvussssetss <10 
tJHM/Na3o «---» <10 
TIHMYIS aso wssseesseeeees .. 9.5 X 10° 
TEIN Seal Niaeyscicacsatiicsieteacesccestanteie i destecceicantteeiosads >3.0 x 10° 


and LD; values were calculated. Consistent with previous 
observations, rA59 was not lethal at a dose of 500 PFU (Fig. 
3A) and the LD,, averaged 7.7 X 10° (Table 1). In contrast, 
infection of mice with only 10 PFU of rA59/Nyyyy killed 60 to 
80% (Fig. 3A and C) of mice, and the survival curve was similar 
to that of infection with 5 x 10° PFU of rA59 (Fig. 3A). The 
LD5, for rA59/Nyy.y, was <10 PFU, 100- to 1,000-fold less 
than that of rA59 and similar to that of rJHM (Table 1). Thus, 
expression of JHM N within the rA59 background enhances 
neurovirulence significantly. Conversely, expression of A59 N 
from within the rJHM background (rJHM/N,s59) decreased 
neurovirulence to a slight extent compared with rJHM (Fig. 
3B). This difference is difficult to measure, probably because of 
the very high virulence (LD;, of <10 PFU) of both of these 
viruses. 

To determine to what extent the neurovirulence differences 
between A59 and JHM can be explained by a combination of 
the N and S genes, mice were infected with chimeric viruses 
(tA59/Sypm, TAS9/Nypyw TA5S9/Sypm/Nyum, TIHM/Saso, and 
1TJHM/S,50/Nas59) and the parental rA59 and rJHM at the 
doses specified in Fig. 3. As previously observed, rA59/Syyyyq iS 
highly lethal at 10 PFU, which indicates that it is significantly 
more virulent than rA59 (Fig. 3C) (15, 40). Infection with a 
virus expressing both the JHM S and N genes within the rA59 
background (rA59/Sypm/Nyum) was highly lethal, resulting in 
survival kinetics close to that of rJHM (Fig. 3C). Expression of 
the A59 S in the JHM background increased the LD5, to a 
value similar to that of rA59, which in this experiment was 9.5 X 
10° PFU for rJHM/S,59 and 1.2 X 10* PFU for rA59 (Fig. 3D). 
Interestingly rJHM/S,5o/Nas9 was nonlethal even at the very 
high dose of 3 x 10° PFU, indicating that replacing the JHM 
N gene with that of A59 is attenuating (Fig. 3D and Table 1). 
rA59 when expressing JHM S and N closely resembles rJHM 
in terms of virulence, but expressing both A59 S and N in 
the rJHM background attenuates the virus beyond the level 
of A59. 

Replication and spread of recombinant viruses in the CNS. 
Despite vastly different levels of neurovirulence, wild-type and 
A59/JHM spike exchange chimeric recombinants replicate to 
similar levels in the brain during the first week postinfection, 
with titers and viral antigen levels peaking at day 5 (31, 40). 
Differences in neurovirulence are reflected in the extent of 
viral antigen detected in the brain, with rJHM-infected mice 
displaying extensive antigen spread compared to rA59-infected 
mice and with chimeric rA59/S,,;,,-infected mice displaying an 
intermediate level, consistent with neurovirulence as described 
above (15, 23, 41) (Fig. 3C). Thus, we compared both virus titer 
and extent of viral antigen expression in the brains of mice 
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infected with wild-type chimeric recombinant viruses at day 5 
postinfection. Mice were infected with 50 PFU of chimeric 
viruses tA59/Nyyyy, and rJHM/N, 59 and parental viruses rA59 
and rJHM. At 5 days postinfection, brains were harvested and 
titrated for infectious virus by plaque assay. All viruses repli- 
cated to high titers in the brain (Fig. 4). However, exchange of 
the N genes appeared to affect replication in the brain, as 
demonstrated by a slight, but reproducibly significant, increase 
in rA59/Nyyy replication over rA59 (P = 0.0001) (Fig. 4) and 
a similarly small decrease in replication of rJHM/N,s. com- 
pared to rJHM (P = 0.0128) (Fig. 4). 

To determine the extent of virus spread in the brain at the 
peak of acute infection, a consistent correlate of neuroviru- 
lence, mice were infected with 50 PFU of rA59/Nyy;y, and 
tJHM/N,59 as well as the parental viruses rA59 and rJHM. 
Sagittal sections from brains harvested at 5 days postinfection 
were stained for viral antigen. Brains from rA59/Nyyyy-in- 
fected mice expressed more antigen than those from rA59- 
infected mice but less than rJHM-infected mice (Fig. 5A). 
Similar to infection with rA59/Nj,,;,, and as expected (15, 40), 
tA59/Sypy4-infected mice displayed levels of antigen interme- 
diate between infections with parental rA59 and rJHM (Fig. 
5A). When JHM S and N genes are both expressed in rA59/ 
Syum/Nyum, the virus expresses antigen to an even greater 
extent, closer to that observed for rJHM (Fig. 5A). These 
observations were confirmed by quantification of antigen stain- 
ing, carried out using Image Pro software as described in Ma- 
terials and Methods (Fig. 5C). A similar pattern was observed 
in spread of the JHM background viruses. The extent of anti- 
gen was reduced in brain sections from rJHM/N,55-infected 
mice compared to those from rJHM-infected mice, and the 
extent of antigen observed in sections from rJHM/S, 5 -in- 
fected mice was reduced further (Fig. 5B and D). Finally, 
sections from mice infected with rJHM/S,50/Naso had even 
less antigen expression, similar to rA59-infected mice (Fig. 5B 
and D). 

Exchange of nucleocapsid protein in A59/JHM chimeric vi- 
ruses does not affect spread of MHV in primary neuronal 
cultures. To begin to understand the mechanism by which 
JHM N enhances neurovirulence and spread in the CNS in 
vivo, we tested the hypothesis that JHM N may enhance the 
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FIG. 4. Replication of chimeric viruses in the brain. CS7BL/6 mice 
(four or more per virus) were inoculated i.c. with 50 PFU of the 
indicated viruses. At 5 days postinfection mice were sacrificed, and 
virus titers from brain lysates were determined by plaque assay on L2 
cells. Symbols represent individual animals, and the lines represent the 
mean and the standard error. *, P = 0.01; **, P = 0.0001. Data are 
from one representative experiment of two or more. 
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FIG. 5. Viral antigen expression in the brains of infected mice. CS7BL/6 mice were inoculated i.c. with 50 PFU of virus and sacrificed at 5 days 
postinfection. Brains were harvested, sectioned sagitally, and stained for viral antigen expression with anti-N MAb as described in Materials 
Methods. (A) Frame i, rA59; frame ii, rJHM; frame iti, rA59/Nypyy3 frame iv, rA59/Sypy3 frame v, rA59/Sypv//Nyam. (B) Frame i, rA59; frame 
ii, JHM; frame iii, rJHM/N,>5o; frame iv, rJHM/S,59; frame v, rJHM/Sa50/Naso. Panels C (A59 background viruses from panel A) and D (JHM 
background viruses from panel B) show quantification of antigen staining using the color-cubed segmentation function of Image Pro, version 5.0, 
software. The y axis represents the area of antigen stain relative to rJHM, which is set to 100. Data shown represent the mean and standard error 


and are from one representative of two or more experiments. *, P < 0.05; **, P = 0.0001; #, P = 0.08. 


ability to spread among neurons, the major CNS cell type 
infected by both JHM and A59 (8, 28) (unpublished data). 
JHM N was found to be closely associated with microtubules in 
the rat neuronal cell line OBL-21 and to share homology with 
microtubule binding protein, tau; this implies a possible role of 
N in microtubule transport and spread (39). Thus, we com- 
pared the spread of wild-type viruses and N exchange chimeras 
in primary neuronal cultures by examining the sizes of discrete 
infected foci (Fig. 6A). We had previously observed that rA59 
and rJHM initially produced similar numbers of infected foci 
in primary neurons but that, by 24 to 48 h postinfection, the 
rJHM-infected cultures have larger numbers of cells per focus 
(unpublished data). Neurons were infected at an MOT of 1 with 
TA59/Nyym and rJHM/N,5 along with control viruses rA59 


and rJHM, and cultures were fixed and stained with MAb for 
N expression at 1 and 3 days postinfection (Fig. 6A) or 2 and 
4 days postinfection (Fig. 6B). (The rA59- and rA59/Nyyyn- 
infected cultures were assayed at later times because the in- 
fection spreads more slowly than in rJHM-infected cultures). 
No obvious differences in spread were observed; isolated foci 
of rA59/N5yy;-infected cells were similar in size to those gen- 
erated by infection with rA59, and foci of rJHM/N,59-infected 
cells were similar in size to those generated by rJHM infection 
(Fig. 6A and B). Quantification of the area of antigen staining 
per focus using Image Pro software confirmed that there were 
no significant differences in in vitro spread between isogenic 
viruses differing only in N (Fig. 6C and D). It has previously 
been observed that expression of JHM S within the A59 back- 


1758 COWLEY ET AL. 


focus size 


Q SP SS 


* 


J. VIROL. 


focus size 


s 


FIG. 6. Virus spread in primary neuronal cultures. Neuronal cultures were infected with recombinant viruses as indicated at an MOI of 1 and 
were fixed and stained with anti-N MAb using immunoperoxidase at the times postinfection as indicated. (A) frame i, rA59 at 2 days postinfection 
(dpi) (magnification, X20); frame ii, rA59 at 4 dpi (X20); frame iii, rA59/Nypyy_ at 2 dpi (X20); frame iv, rA59/Nypn at 4 dpi (X20). (B) Frame 
i, rJHM at 1 dpi (<4); frame ii, rJHM at 3 dpi (<4); frame iii, rJHM/Naso at 1 dpi (<4); frame iv, rJHM/Nas9 at 3 dpi (<4). (C and D) 
Quantification of neuronal spread for A59 background viruses (C) and JHM background viruses (D) using the color-cubed segmentation function 
of Image Pro, version 5.0, software. The y axis shows arbitrary units that represent the average area of infection foci; differences in scales between 
panels C and D are due to differences in magnifications of analyzed photos. Data shown represent the mean and standard error and are from one 


representative experiment of five. 


ground conferred enhanced spread in primary neuronal cul- 
tures as measured by the numbers of cells per infected focus 
(41). When JHM S and N were expressed together in the A59 
background, N did not enhance spread (data not shown). Thus, 
while expression of JHM N within the A59 background does 
seem to enhance CNS spread in vivo, this does not appear to be 
due to an inherent ability to spread more rapidly among neu- 
rons. 

Induction of a robust CNS T-cell response by MHV is mod- 
ified by the exchange of A59 and JHM nucleocapsid genes. 
rA59 infection induces a strong CD8 T-cell response in the 
CNS, and this response is crucial for clearance of virus (12, 22). 
In contrast, the CD8 T-cell response against rJHM in the CNS 
is minimal (15, 21, 43). The lack of an effective CD8 T-cell 
response likely contributes to the high neurovirulence of JHM. 
Interestingly, the extent of the CD8 T-cell response is not 
dependent on the S gene but, rather, on one or more back- 
ground gene(s), as evidenced by the finding that rA59/Syyy,4 
induces an even stronger T-cell response than rA59 while 
tTJHM/Sas5o, like rJHM, fails to induce a significant T-cell re- 
sponse (15, 21). We used the N exchange chimeric viruses to 


investigate whether N protein is a determinant of the extent of 
T cell response in the CNS. 

For studies of CD8 T-cell response, we compared N ex- 
change viruses to isogenic parental viruses. Initially, we used as 
parental controls viruses expressing the JHM S because the 
immunodominant MHV CD8 T-cell epitope, $510 (H-2°), is 
not expressed by the A59 S protein, and we wanted to compare 
viruses with the same CD8 T-cell epitopes. Mice were infected 
in. with 500 PFU of rJHM/Nas_ or rJHM and, as a positive 
control for CD8 T-cell response, rA59/Sypy4. At 7 days postin- 
fection brain mononuclear cells were isolated and stained for 
expression of CD3-, CD4-, CD8-, and S510-specific T-cell re- 
ceptors. Flow cytometry was used to determine the percentage 
of CD4, CD8, and $510 epitope-specific CD8 T cells within 
each sample, and the T-cell numbers per brain were calculated 
by multiplying the percentages of CD8, CD4, and specific CD8 
T cells by the total number of cells isolated from each brain 
(Fig. 7A). The T-cell response (both CD8 and CD4) to rJHM/ 
Naso Was significantly greater than the response to rJHM but 
less than that to rA59/Syy.4. Thus, JHM N was required in 
order for the T-cell response against the virus to be weak. 
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FIG. 7. T-cell response to recombinant viruses in the brain. Mice were 
infected with recombinant viruses and sacrificed at 7 days postinfection. 
Mononuclear cells were isolated from the brains of infected animals, 
stained with T-cell type-specific antibodies and either $510-specific tet- 
ramers (A and B) or assayed for secretion of IFN-y in response to $598 
peptide (C), and analyzed by flow cytometry as described in Materials and 
Methods. The total number of each T-cell population in the brain was 
determined by multiplying the percentage of each cell type by the total 
number of cells isolated per brain. Shown are the means and standard 
errors for the total CD8 T, epitope-specific CD8 T, and CD4 T cells in the 
brains of mice infected with rJHM/Nas5o, tA59/Sypyy4, and rJHM (A); 
TA59/Syed/Nyee TA5S9/Syey, and rJHM (B); and rA59 and rA59/Nypn4 
(C). *, P < 0.05; **, P = 0.0005; #, P = 0.15; ##, P < 0.09. Each panel 
is representative of at least two experiments. 
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Similar analyses of the reciprocal JHM background viruses 
were carried out to investigate whether expression of the JHM 
nucleocapsid in the A59 background confers a less robust T- 
cell response phenotype. Mice were infected with rA59/Sypyy4/ 
Nop TA59/Syy, and rJHM, and the total numbers of CD8-, 
CD4-, and $510-specific CD8 T cells in the brains of infected 
mice were calculated as above (Fig. 7B). Brain mononuclear 
cells from rA59/Sjy,,-infected mice contained more CD8-, 
CD4-, and $510-specific CD8 T cells than those from rA59/ 
Syam/Nypm-infected mice. Cells from the brains of rJHM- 
infected mice had, as expected, minimal levels of CD8-, CD4-, 
and $510-specific CD8 T cells, significantly less than brains of 
1TA59/Syym-infected mice. Thus, expression of the JHM N did 
reduce the T-cell response compared with the isogenic paren- 
tal virus expressing A59 N; however, the difference did not 
reach statistical significance. 

To determine the level of T-cell expression conferred by 
expression of the JHM N protein alone in the presence of A59 
background genes, mice were infected with rA59 and rA59/ 
Nyy, and the total numbers of T cells were quantified as 
above. Since we were unable to obtain a suitable MHC tet- 
ramer reagent for quantification of $598-specific T cells, we 
quantified $598-specific T cells in the brains of infected ani- 
mals utilizing an intracellular cytokine staining assay for 
IFN-y, following incubation with S598 peptide (Fig. 7C). Brain 
mononuclear cells from rA59-infected mice contained more 
total CD8- and S598-specific CD8 T cells than generated by 
TA59/Nyym infection. As shown in Fig. 7A, the difference in 
the numbers of total CD8 T cells was statistically significant. 
Thus, the data in Fig. 7 indicate that expression of the A59 N 
in the JHM background leads to an increase in the T-cell 
response while expression of JHM N from within the rA59 
genome likely leads to a small reduction in the T-cell response. 

Expression of JHM nucleocapsid protein from within the 
A59 background does not impair the ability of MHV to induce 
hepatitis. In addition to the striking difference in neuroviru- 
lence, rJHM and rA59 differ greatly in ability to infect the liver 
and cause hepatitis. While rA59 induces moderate hepatitis 
when inoculated directly into the liver at a dose of 500 PFU, 
JHM replicates only minimally in the liver even when doses as 
high as 10° PFU are administered. Perhaps surprisingly, anal- 
ysis of chimeric viruses indicates that the ability to induce 
hepatitis does not map to the A59 S gene but, rather, to 
another gene(s) encoded in the 3’ end of the genome (31). In 
addition, the N genes of some MHV strains were shown to be 
responsible for the induction of fgl2, a procoagulant, which was 
necessary for MHV-3-induced fulminant hepatitis in BALB/c 
mice (6, 27, 35). Thus, we used the A59/JHM N exchange 
viruses to further investigate a role for N in replication and 
virulence in the liver. Mice were infected intrahepatically, a 
route which induces hepatitis but no CNS infection, with 500 
PFU of rA59, rJHM, and rA59/Nyyyy4- Both rA59 and rA59/ 
Nyum feplicated to high titers that were significantly greater 
than the titer of rJHM, which replicated near or below the limit 
of detection (Fig. 8A). Thus, JHM N expression does not 
preclude replication in the liver though rA59/N,;.), replicated 
to a slightly but significantly lower titer than rA59 (P value of 
0.0015). Replication in the liver of JHM background chimeras 
TJHM/Naso and rJHM/S,50/Nas9 was also compared to that of 
parental rJHM and rA59 (Fig. 8B). Because rJHM replicates to 
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FIG. 8. Replication of chimeric viruses in the liver. CS7BL/6 mice 
were inoculated intrahepatically with viruses at the doses as indicated. 
Mice were sacrificed at 5 days postinfection, and virus titers were 
determined from liver lysates. (A) rA59, rJHM, and rA59/Nypnq (500 
PFU). (B) rA59 (500 PFU) and rJHM, rJHM/Naso, and rJHM/S450/ 
Naso (1.6 X 10* PFU). Symbols represent individual animals, and the 
lines represent the mean and the standard error. The dotted lines 
represent the limits of detection. These data are from one represen- 
tative experiment of two or more. *, P < 0.02; **, P < 0.0001. 


such a minimal extent in the liver, very large inocula (1.8 x 10* 
PFU) were used. All of the JHM background viruses replicated 
near or below the limit of detection, despite the difference in 
amount inoculated. There were no significant differences between 
TIHM/Naso, IJHM/S,50/Naso, and rJHM in the levels of replica- 
tion, so neither A59 N nor AS59 S and N in combination is able to 
confer upon rJHM the ability to replicate in the liver. 

Liver sections from a similar experiment were analyzed for 
degree of hepatitis and viral antigen expression. To quantify 
hepatitis, sections were stained with hematoxylin and eosin, 
observed for necrosis and immune infiltration, and blindly 
scored for hepatitis severity, using a four-unit scoring scale (4, 
severe; 3, moderate; 2, mild; 1, minimal) (3, 31). Liver sections 
from rA59- and rA59/Nyyyy,-infected mice displayed moderate 
to severe hepatitis, with average scores of 3.75 and 3.31, re- 
spectively (Fig. 9A). The levels of hepatitis were similar for 
infections with rA59 and rA59/Njyyy,, indicating that in the 
context of A59/JHM chimeras, N is not an important determi- 
nant of hepatovirulence. Sections from mice infected with a 
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FIG. 9. Pathology and viral antigen expression in the livers of mice 
infected with chimeric viruses. CS7BL/6 mice were inoculated intra- 
hepatically with 500 PFU of rA59 and rA59/Nypyyq and 1.8 x 104 PFU 
of rJHM. Mice were sacrificed at 5 days postinfection. Livers were 
harvested, sectioned, and stained either for pathology or viral antigen 
expression. (A) Hematoxylin- and eosin-stained sections: frame I, 
rA59; frame ii, rA59/Nypy3 frame iii, rJHM. (B) Immunoperoxidase- 
stained sections using anti-N MAb: frame i, rA59; frame ii, rA59/ 
Nyune frame iii, rJHM. (C) Quantification of antigen staining using the 
color cube-based segmentation function of Image Pro, version 5.0, 
software. The y axis represents the area of antigen stain over total area 
of the liver section, and values are shown as mean and standard error. 
The data shown in all panels are representative of four or five mice per 
group; two adjacent sections were stained per animal. *, P < 0.05. 


very high dose of rJHM (approximately 35-fold more than the 
other viruses) displayed little visible damage; however, they did 
exhibit some inflammation (Fig. 9A). To measure viral antigen, 
sections were immunoperoxidase stained using anti-N MAb as 
above (Fig. 9B). Sections from both rA59- and rA59/Nyym- 
infected mice had extensive staining, with rA59 sections show- 
ing slightly more antigen. Minimal staining was observed in 
liver sections from mice that had been inoculated with a high 
dose of rJHM. Image Pro software was utilized to measure the 
extent of viral antigen staining. Antigen levels in the liver from 
1TA59/N5yyn-infected mice were not significantly different from 
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those of rA59-infected mice while livers from rJHM-infected 
mice, as expected, had minimal levels of viral antigen (Fig. 9C). 


DISCUSSION 


The availability of a reverse genetics system for MHV and 
the selection and characterization of A59/JHM chimeric re- 
combinant viruses have allowed us to begin to map the viral 
genes responsible for the strain-specific differences in patho- 
genesis. Previous studies of chimeric A59/JHM recombinant 
viruses indicated that (i) the JHM S is a determinant of neu- 
rovirulence, but not the only determinant (40); (ii) other viral 
genes encoded in the 3’ portion of the genome contribute 
significantly to the extensive antigen spread in the CNS and 
high mortality induced by JHM (15, 23, 31, 40); and (iii) the 
ability to induce hepatitis maps not to the A59 spike but, 
rather, to other genes encoded in the 3’ portion of the viral 
genome (31, 32). Because of the multifunctional nature of N 
protein, with roles as a structural protein and in replication, we 
chose to examine the role of N in pathogenesis. Thus, we 
selected and characterized A59/JHM chimeric viruses in which 
the N genes were exchanged. The ability to obtain clear an- 
swers in mapping pathogenic properties both in our previous 
studies (31, 32, 40) and in the studies described herein indi- 
cates that the use of chimeric viruses is not generally compro- 
mised by phenotypes that may be due to interactions of het- 
erologous proteins. 

When N exchange recombinant viruses were compared to 
their respective parental wild-type viruses, there were no major 
differences observed in plaque morphology (data not shown) 
or in replication in L2 cells (Fig. 2A). In contrast, in vivo 
differences were striking. JHM N, when expressed within the 
AS9 background (rA59/Nj;4),), conferred enhanced virulence, 
as evidenced by an LD5, approximately 1,000-fold lower than 
that of rA59. The reverse exchange viruses showed a similar 
but less dramatic result; expression of A59 N within the JHM 
background (rJHM/N, 50) slightly increased survival time com- 
pared to infection with rJHM (Fig. 2B). It is difficult to mea- 
sure differences in virulence between these two highly neuro- 
virulent viruses. Attenuation conferred by expression of A59 N 
in the JHM background was more easily observed in a com- 
parison of rJHM/S,50/Naso and the already attenuated rJHM/ 
Saso (Fig. 2D). 

The differences in neurovirulence observed in N exchange 
viruses compared with wild-type isogenic viruses were reflected 
in the small but statistically significant differences in replication 
in the CNS after ic. inoculation (Fig. 4). More strikingly, 
expression of JHM N within the A59 background conferred 
increased antigen expression in the brain while reciprocal ex- 
pression of A59 N within the JHM background conferred a 
decrease in the level of antigen expression in the brain (Fig. 5A 
to D). In agreement with previous studies from our lab, the 
level of MHV antigen expression in the brain is a consistent 
correlate of virulence (15, 41). 

We considered several possible mechanisms to explain the 
differences in neurovirulence and antigen spread in the brain 
between N exchange viruses. (i) Expression of JHM N could 
confer an ability to spread among neurons more efficiently or 
expand the tropism of the virus for more neuronal subtypes. 
(ii) JHM N expression could enhance spread among glial cells 
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or between glial cells and neuronal cells; this seemed unlikely 
as no differences in spread were observed in primary astrocyte 
cultures (data not shown). (iii) JHM N could alter the immune 
response, allowing greater spread than that of parental rA59 
strain. The rA59 strain is cleared by a robust CD8 T-cell 
response (12, 22), and we observed previously that this prop- 
erty mapped within the 3’ end of the genome but not to the 
JHM spike (21). This left the possibility that N may be respon- 
sible for differences in T-cell response. 

In order to explore the mechanism by which expression of 
JHM N enhances the amount of antigen expression in the 
brain, we examined spread in primary hippocampal neuronal 
cultures. Previous studies of A59/JHM chimeric viruses dem- 
onstrated that expression of JHM S within the A59 background 
enhances in vitro neuron-to-neuron spread (41) but not to the 
extent of spread with rJHM (unpublished data). This suggested 
the possibility that another viral protein could play a role in 
neuron-to-neuron spread. It had previously been reported that 
JHM N is closely associated with microtubules in the infected 
rat neuronal cell line OBL-21 and that N shows strong homol- 
ogy to microtubule binding protein tau (39). This suggested 
that N could be playing an important role in trafficking of the 
virus, and we hypothesized that the JHM N may be optimized 
for fast axonal transport relative to A59 N. However, exchange 
of N genes failed to confer a measurable difference in spread 
among primary hippocampal neurons (Fig. 6A to D), implying 
that the mechanism by which JHM N enhances antigen distri- 
bution in the brain is not through enhanced neuron-to-neuron 
spread. While there are no data indicating that there are any 
qualitative differences in the types of neurons in the brain 
infected by JHM compared to A59, we have used only hip- 
pocampus-derived neurons, and it is possible that JHM infects 
a wider range of types of neurons than A59. 

To determine if the difference in the ability to induce a 
robust T-cell response in the CNS maps to the N gene, we 
compared the T-cell response of N exchange viruses with the 
isogenic parental viruses rA59 and rA59/Sjy4y,, which induce 
robust virus-specific T-cell responses, and with rJHM, which 
induces a very minimal response. Infection with rJHM/N, 55 
resulted in an increased T-cell response in the brain relative to 
isogenic rJHM, suggesting that JHM nucleocapsid expression 
is required for the minimal T-cell response phenotype of JHM 
(Fig. 7A). There was a statistically significant difference in both 
CD8 and CD4 T-cell numbers. The resulting T-cell response, 
however, was consistently lower than that of rA59/Sj,;)4, sug- 
gesting that although JHM N contributes to the weak T-cell 
response phenotype, other proteins in the JHM background 
are likely to be important as well (Fig. 7A). Exchange of N 
genes in the A59 background viruses showed a reciprocal ef- 
fect. Infection with rA59/Syyy¢Nyym resulted in a small de- 
crease in the induced T-cell response compared to infection 
with isogenic rA59/Sj;;,, and an increase over the response to 
rJHM (Fig. 7B); similarly, the total CD8 T-cell response in- 
duced by rA59/Nyy4m4 Was Statistically significantly less than that 
induced by rA59 infection (Fig. 7C).Thus, while the genotype 
of N appears to have a modest effect on the T-cell response to 
MHV infection, it is unlikely that this is the primary mecha- 
nism by which JHM N confers increased virulence when ex- 
pressed in the A59 background. 

Differences in the type I IFN response could also play a role 
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in the virulence associated with JHM N. A59 N was shown to 
serve as a type I IFN antagonist when expressed from a re- 
combinant AE3L vaccinia virus (51), and infection of type I 
IFN receptor-deficient mice (IFNAR~/~) demonstrated that 
type I IFN is crucial for defense during early infection with A59 
and JHM in vivo (4, 16, 44). Thus, it is possible that JHM N 
could be a more potent IFN antagonist than A59 N and thus 
compromise host defenses. However, this is unlikely, as sup- 
ported by the following observations: rA59 and rJHM induced 
similar levels of type I IFN in the brains of infected mice, and 
both strains were significantly more lethal in IFNAR ‘~ mice 
than in wild-type isogenic mice (44). In the absence of a type I 
IFN response, rJHM is able to spread from the brain into the 
periphery and replicate in the liver as well as in other organs 
not usually infected by JHM (16, 44), underscoring the inability 
of JHM to overcome the antiviral state induced by IFN in 
wild-type mice. Furthermore, there were no differences in the 
ability of A59 and JHM to induce type I IFN in fibroblasts or 
in macrophages or to replicate in L2 cells (45) or macrophages 
(unpublished) that were pretreated with IFN-f. 

In addition to the differences in neurovirulence, A59 and 
JHM vary greatly in their ability to replicate in the liver and 
cause hepatitis. The ability of A59 to replicate to high titers in 
the liver and cause severe hepatitis does not map to the S gene 
but, rather, to one or more other genes in the 3’ end of the A59 
genome (31). The studies presented here clearly show that the 
ability to induce hepatitis in C57BL/6 mice, in the context of 
A59/JHM chimeras, does not depend on the N gene of the A59 
strain and that expression of the N and S genes of A59 within 
the JHM background is not sufficient to induce hepatitis (Fig. 
8B). Though replacing the A59 N gene with that of JHM did 
not prevent the virus from causing severe hepatitis, expressing 
JHM N in the A59 background did significantly reduce viral 
liver titers by about 10-fold at 5 days postinfection (Fig. 8A) 
and caused slight, though insignificant, decreases in hepatitis 
and viral antigen expression in the liver (Fig. 9A to C). Thus, 
although expression of JHM N clearly does not block MHV- 
induced hepatitis, expression of JHM N may play a minor role 
in decreasing the level of replication in the liver. Levy and 
colleagues demonstrated that the highly hepatotropic strains 
MHV-3 and A59 (but not the nonheptatotropic JHM strain) 
induce fibrinogen-like protein 2 (fgl2) and that fgl2 induction is 
responsible for the induction of fulminant hepatitis in MHV- 
3-infected mice (6, 35). Interestingly, the induction of fgl2 was 
mapped to the N protein of hepatotropic strains (35). How- 
ever, in the studies presented here, replacement of the N gene 
of A59 with that of the nonhepatotropic JHM did not prevent 
the resulting virus (tA59/Njy4),) from causing severe hepatitis. 
This demonstrates that in the context of A59/JHM chimeras, 
the induction of hepatitis does not depend on the N gene of the 
hepatotropic A59. 

It is important to note that the A59 N gene contains within 
it another gene, in the +1 reading frame, encoding the inter- 
nal, or I, protein. The I protein is a mostly hydrophobic 23-kDa 
structural protein of unknown function (9). Interestingly while 
I protein is expressed by most MHV strains, the JHM strain 
does not encode the I protein (9, 38). Thus, the I gene could 
possibly be responsible for one or more of the properties 
attributed to N including the pathogenic differences between 
AS59 and JHM. However, the data presented here demonstrate 
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that expression of the I gene from within the JHM genome 
(1JHM/N,55) is not sufficient to confer the ability to induce 
hepatitis. Furthermore, the I gene is unlikely to be an impor- 
tant determinant of pathogenesis as an internal gene knockout 
recombinant A59 replicated similarly to an isogenic wild-type 
virus in vivo, and no major differences in clinical signs were 
reported (9). 

The data presented here demonstrate that the N gene plays 
a major role in the extent of neurovirulence and a minor role, 
if any, in MHV-induced hepatitis. While we have not defined 
the mechanisms by which the N gene influences pathogenic 
outcome, the data do, however, suggest that increased neuro- 
virulence associated with expression of the JHM N gene within 
the A59 background is not a result of enhanced neuron-to- 
neuron spread. The data furthermore indicate that there may 
be an influence of N on the induction of a robust T-cell re- 
sponse, which is crucial to virus clearance in the CNS. Future 
studies will be directed at further understanding the differ- 
ences in virus-host interactions between chimeric and isogenic 
wild-type viruses. This will focus on the cytokines elicited in 
response to MHV and how the spread of virus within the CNS 
affects the host immune response. 
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